An unsteady two-dimensional CFD analysis of an oscillating (dynamically pitching) aerofoil inspired by dragonfly wings was conducted to investigate its aerodynamic and flow characteristics. The aerofoil morphology was an idealised geometry based on the crosssection near the mid-span of a dragonfly wing. The aerofoil was made to oscillate at 2Hz with amplitude of 10° with an upstream flow such that the chord Reynolds number was 14,000. The methodology mirrored a previous study but with slight differences due to the difference in geometry. Complex flow structures near to the aerofoil surface revealed significant effect on lift and drag characteristics. Lift and drag hysteresis indicate that there is net lift generated but no net thrust. Instantaneous lift and drag shows there is a difference in both the negative and positive peak lift and drag values between when the aerofoil is pitching up and when it is pitching down. This is consistent with previous studies. Comparisons with previous studies on oscillating smooth aerofoils do not indicate that such corrugated aerofoils exhibit any advantages. It is possible that any performance enhancements will only manifest itself when operating in tandem with other aerofoils in close proximity such as between the fore and hind-wing of a dragonfly.
Introduction
Increasingly engineers are looking for inspiration in the natural world to improve the performances of mechanical devices and to develop new technologies [1, 2, 3, 4, 5, 6] . Novel morphologies and physiological operations investigated by biologists are now inspirations for engineers in technological development [1] with the aim of emulating the performance of living systems where a performance exceeds current technologies [2, 3] . One such example is the agility of dragonflies that are able to dip and dart in all directions very quickly. Previous investigations have shown that the lift coefficients of flapping flight far exceed the steady-state values of non-flapping dragonfly wings [4, 5, 6, 7] suggesting that unsteady aerodynamic effects are significant to the generation of lift. Dragonfly wings are corrugated and not smooth like conventional aerofoils and this unique cross-section has been shown to be the cause of the superior performance [8, 9, 10, 11] by delaying stall and reducing separation regions at high angle-ofattack.
Oscillating smooth conventional aerofoils have been studied in the past by a number of researchers [12, 13, 14, 15] . Recently Flint et al. [16] reported an investigation on the oscillation of such a corrugated bio-inspired aerofoil showing the intricate flow details around the corrugations. The geometry used in that study is one of the common shapes used in previous studies [11, 10] but is more closely related to wing cross-section close to the wing root where there is a large "tail" near the trailing edge and not in the main section of the wing [17] . The cross-section of the wing around the mid-span of a dragonfly's wing has multiple smaller corrugates and resembles more the geometries used by Gao et al. [18] and Murphy and Hu [9] . The aim of the study seeks to provide insight into the characteristics of viscous flows forming around oscillating airfoil and how corrugations similar to those seen on dragonfly wings affect their unsteady aerodynamic properties. The present study intends to expand the work by Flint et al. [16] and other researchers by comparing the flow dynamics of an oscillating aerofoil with a cross-sectional area resembling a dragonfly's wing at mid-span [17] . The authors are not aware of any previous such studies being reported.
Geometry, computational domain and methodology
Rigid two-dimensional aerofoils were modelled in ANSYS Fluent version 16.1. Past experimental studies found no intrinsic three-dimensional effects at low Reynolds numbers further suggesting the suitability of two-dimensional studies [19, 20, 21] . However a very recent study by Chen and Skote [22] suggested the presence of spanwise flow in bio-inspired aerofoils, their studies have spanwise variations in the crosssectional area. It is not clear if spanwise flow is significant if there is no variation in the spanwise crosssections of the aerofoil. In fact previous experimental work was conducted as two-dimensional measurements [8, 11] . The simulations were conducted to calculate the lift and drag as well as details of the flow field near the aerofoil body. Oscillations were introduced to the simulation through the use of a user-defined function and sliding body mesh with the centre of rotation located in the middle of the plate thickness at a-quarter of the chord length from the leading edge. The aerofoil is undergoing twodimensional oscillation (dynamically changing its pitch angle) with the axis of oscillation being perpendicular to the simulation plane (i.e. into the plane) with the amplitude and frequency for the oscillations being 10° and 2Hz respectively. The black dot on Figure 1b shows the approximate location of the centre of rotation. The geometry corresponds to the "CorrugatedA" section used in the experiments of [11] and computational study of [23] and details of the coordinates can be found in the latter. This corresponds to a Strouhal number of 0.21 which is on the lower end of the range for efficient cruising locomotion [24] .
The computational domain is identical to that of Flint et al. [16] comprising of a stationary outer rectangular domain and an inner smaller circular domain containing the aerofoil. The relative position of the aerofoil within the domain is also the same as the previous study and is presented in Figure 1 . The left-hand edge of the outer rectangular domain is a velocity inlet and the right-hand edge pressure outlet whilst the aerofoil surface is a standard wall. The boundaries between the inner and outer domains are matching interfaces and the top and bottom of the boundary having symmetry conditions. Turbulence intensity at the inlet was set to 1.1% similar to that of Flint et al. [16] .
A sliding mesh model was used to simulate the oscillation of the inner domain which included aerofoil. "Pitch-up" will be used to describe the aerofoil rotating clockwise and increasing its angle-ofattack, and vice-versa. The sliding mesh model is used because it is computationally less expensive as it eliminates the need for any re-meshing or mesh deformation. The mesh was quad-based with equal meshing on both sides of the matching interface. An inflation layer was also incorporated adjacent to the aerofoil body and a region of finer cells at the trailing edge of the aerofoil to capture the shedding of the vortices accurately. The overall mesh had 53549 elements and the y + value everywhere in the domain was between 0.17 and 3.38. A pictorial illustration of the mesh in the domain and in the vicinity of the aerofoil surface is shown in Figure 1 . A mesh independence study was conducted and the results are shown in Figure 2 . Since this study is a follow on from Flint et al. [16] , the initial baseline mesh (Mesh1) was done according to parameters from that study. One further refinement of the mesh (Mesh2) was performed to check if refinement was necessary. The rms of the difference in lift coefficient values between the mesh were 4% and the mean and maximum difference in the values were 0.017% and 11.3% respectively. Although these indicated that Mesh1 was sufficient, it was decided to use Mesh2 to improve the accuracy of the results. [25, 26] . It was chosen due to its ability to handle unsteady flow structures. A user defined function was used to set the oscillatory rotational motion of the internal fluid domain and hence the airfoil. The transient solution was solved with Courant number of 2 and the time-step used in the simulations was 0.00036s.
Pressure discretisation was done using the PRESTO! scheme due to its good performance for swirling flows and second-order upwind discretisation scheme for all other variables. Gradients were evaluated using the least squares cell based method. Higher order term relaxation, double precision solver and a bounded second order//implicit transient formulation was used for accuracy and stability. The convergence criterion for each time step was set to 10 -5 .
Results and Discussions
One of the important applications of oscillating aerofoils is in the production of lift and drag (thrust). Figure 3 plots the time variations of lift and drag coefficients of the current study together with the wing position in terms of pitch angle. The wing position is plotted to be consistent with Figure 6 of Flint et al. [16] in terms of definition of positive and negative angles for ease of comparison of trends. It can be seen that the overall trends match those of previous studies. There is delay between the lift and drag peaks and the oscillation angle peak also the frequency of lift oscillation coincides with that of the pitch angle oscillations but drag oscillation has a frequency that is double. There are very obvious differences between the values in Cd (Figure 3a) between the one peak and the adjacent one but this is not prominent in the Cl values (Figure 3b ). This is due to the fact that in one oscillation cycle, there are two Cd peaks corresponding to the maximum pitch up and pitch down angles and also that the aerofoil is not symmetrical. The positive portion of the graph is/are slightly larger than the parts below indicating that there is no overall net thrust production. Flint et al. [16] also reported similar variations in the peak values (although the differences in the peak drag values are not so prominent). Since the sense of pitch-up and pitch down motion presented here is consistent between both studies, it can be observed that the thrust produced (negative drag) is higher during pitching up than when pitching down, being consistent with that study although more prominent as discussed above.
In terms of instantaneous lift coefficients shown in Figure 3b , there is a larger area above the x-axis indicating overall net lift is generated. However the "flattening" of the peak reported by Flint et al. [16] does not appear here. The reason for that is because there is not the large curve near the trailing edge of the aerofoil. The drag and lift hysteresis are plotted in Figure 4 , it shows more clearly that there is net lift being generated but not net thrust. It can also be observed that the cross-over point of the drag hysteresis is very close to the y-axis but slightly to the left (i.e. very slightly pitching up). The non-symmetry of the drag hysteresis is an indication of the differences in peak drag coefficients (both positive and negative) shown in Figure 3 . Plots of vorticity contours are presented in Figure 5 . It can be observed clearly that vortices are formed in the corrugations and convect downstream as expected. The shape of the lift curve depends of the timing of the shed vortices which varies with both oscillating amplitude and frequency. One observation is the presence of a large positive vortex region sitting right at the second corrugation on the underside of the aerofoil during pitching-down motion. This is not present in the results presented by Flint et al. [16] instead there was a large positive vortex is between the first and the second corrugation siting closer to the first corrugation. That is the large positive vortex convects further downstream in this geometry than the previous study. This could be due to the large "hump" in the previous study of which there is a large concave region on the underside. This concave region would trap vortices better thus slowing down the convection of other vortices. This concave region is not present in the current geometry. This indicate that the current small corrugations have less ability to trap vortices and may result in overall less lift but better drag characteristics. Without exact numerical data from Flint et al. [16] , it is not possible to do qualitative comparison at this moment. However we note that at the same oscillation frequency and amplitude, a forthcoming publication by Flint et al. [27] also showed no net thrust being generated. It is also interesting to note that the large positive vortex region sitting on the underside of the aerofoil occurs only during the pitch-down motion and is not present on the topside of the aerofoil even though the corrugations are similar in sizes. The reason for this is not known but it presents a possible reason for the differences between the peak drag coefficients between the pitch-up and down cycles. Thrust generation of an oscillating aerofoil is related to the Strouhal number calculated from the oscillation parameters and flow conditions [28] . Compared with earlier studies on smooth oscillating aerofoils shows that at the current condition (shown in Figure 6 ), this aerofoil does not have an advantage as compared with smooth aerofoil. It is possible that the evolutionary advantages of such corrugated aerofoils does not manifests itself when working in solitude and any performance improvements over smooth aerofoil shapes will only be present and significant when working in tandem as in a real dragonfly. It has been shown that relative phase angles and wing spacing affects lift and thrust generation [29] but it is unclear if corrugations will alter these effects.
Conclusion
A two-dimensional CFD simulation of an aerofoil with cross-section resembling a dragonfly wing at midspan oscillating (dynamically pitching) at a frequency of 2Hz with amplitude of 10° has been performed successfully. The calculations show previously unreported intricacies of the near field flow structure with good spatial and time resolutions as well as lift and drag calculations of such corrugated airfoil extending the work of Flint et al. [16] to another common corrugated aerofoil in previous static studies. Lift and drag hysteresis indicate that although there is net lift generated but not thrust as evident by the relative size of the hysteresis graphs above and below the x-axis. Instantaneous lift and drag shows there is a difference in both the negative and positive peak lift and drag between when the aerofoil is pitching up and pitching down. This is consistent with previous report from Flint et al. [16] . The studied corrugated aerofoil does not seem to exhibit superior performance over smooth aerofoil whilst working in solitude. These results indicate that other benefits of having corrugated wings, such as structural benefits, may be more evolutionarily favourable for the dragonfly than oscillatory pitching performance or perhaps any aerodynamic superiority will only manifest itself when working in tandem [29] . Following on this study, a larger range of oscillating frequencies and amplitudes will be solved to increase the understanding of their effects on this aerofoil. It would also be interesting to compare the relative lift and drag of this geometry and that of Flint et al. [16] as well as the effect of corrugates on aerofoils oscillating in tandem. Together with Flint et al. [16] , this is the first report of detailed studies on oscillating bio-inspired corrugated aerofoil extracting information on both the flow features and the aerofoil performance parameters. The authors are not aware of any previous such studies being reported.
